The duration of the asymptomatic or latent period in prostate cancer has important public health implications, particularly for the design and analysis of screening strategies. Indirect evidence, including high prevalence of the disease at autopsy relative to its clinical incidence, suggests that the time from preciinicai onset to diagnosis of prostate cancer can be relatively lengthy. For example, the proportion of men aged 65-69 years with histologic prostate cancer has been estimated from autopsy studies to be at least 10-20 percent (1, 2) . In contrast, the annual clinical incidence of prostate cancer in 1984-1988 was 0.37 percent for black males aged 60-64 years and 0.73 percent for those aged 65-69 years; the analogous figures for white males were 0.23 percent and 0.46 percent, respectively (3) .
The goal of this paper is to estimate the length of the asymptomatic period in prostate cancer, that is, the time from onset of the disease until the appearance of symptoms leading to its diagnosis. We also estimate the duration of the preciinicai period, which we define as the time from onset of the disease until its clinical diagnosis, whether due to symptoms or not. In calendar periods in which no interventions exist to diagnose asymptomatic prostate cancer, the preciinicai duration and the asymptomatic duration are the same. However, modalities that can be used to detect asymptomatic disease have been developed more recently. In this article, we use the more general term "preciinicai period" to refer to the time from disease onset to diagnosis; when necessary, we distinguish between time to diagnosis and time to symptoms.
Previous estimates of the preciinicai duration of prostate cancer have been presented by Whittemore et al. (4) . These authors used autopsy data to estimate by age and race the mean volume of low-grade, latent cancer among men in the general population. They then hypothesized that the incidence of high-grade cancer among men at a given age would be proportional to the mean volume of low-grade cancer when the men were a few years younger. Based on a linear regression analysis, the average time to detection was estimated to be approximately 7 years.
Work on longitudinal changes in prostate-specific antigen (PSA) in men with a subsequent diagnosis of prostate cancer also provides information about the preciinicai duration. Indeed, Morrell et al. (5) have estimated that PSA curves in prostate cancer patients show a marked increase in slope beginning at roughly 6.4 to 10.7 years prior to clinical diagnosis, depending on the stage at diagnosis. Whittemore et al. (6) , in a much larger longitudinal PSA study, estimated that the increase in slope occurs roughly 13 years prediagnosis for men with subsequent stages B through D prostate cancer.
There are clearly some differences between previously derived estimates of the preclinical duration in prostate cancer. In this article, we use a different methodological approach in an attempt to resolve these differences and to provide more reliable information about the natural history of prostate cancer.
MATERIALS AND METHODS
Our methodological approach extends methods for estimating age-specific incidence from age-specific prevalence in the case of an irreversible disease that is lifelong after diagnosis (7) .
We begin by estimating the number of new cases of asymptomatic disease in any given age interval. Figure  1 illustrates the steps involved, which are described in more detail in the rest of this section. The newly A.
N oo P o m o (Other-cause death)
(Nonsurviving new cases)
(Surviving new cases) I 1o1 ooo Symptom-free, prevalent) (5) End of interval FIGURE 1. Flowchart illustrating the main components of the calculation of N, the number of new cases in an interval. Numbers in parentheses refer to expressions in the text. We compute A/ to and L, solve the final expression in the figure for n, and then obtain m. The number of new cases N is given by the sum of m and n.
incident cases in a specific age interval consist of those who survive to the end of the interval and those who do not. Formally, we denote the total number of new cases by N; N is equal to n + m, where n is the number of surviving new cases and m is the number of new cases who do not survive. We derive an expression for n, which draws on mathematical development used in estimating the lifetime probability of a cancer diagnosis (8) . We then develop an approximation for m, which allows us to estimate the total number of new cases in the interval and the associated incidence. Finally, we divide the prevalence of asymptomatic disease by the derived asymptomatic incidence to yield an estimate of the average sojourn time. More precisely, we denote the age-specific preclinical incidence rate in age interval i by / and the prevalence by P { . An estimate of the average preclinical duration is then given by the ratio of population prevalence to incidence (9) , namely,
where age interval 1 is the lowest age interval at which the incidence and prevalence of disease are nonnegligible, k is the highest age interval in the population, and f, denotes the fraction of the population in age group i. In our calculations, the interval length is 1 year and the lowest and highest age intervals are 30-31 and 89-90 years, respectively. To estimate n, the number of surviving new cases in a given age interval, we extend the methods of Leske et al. (7) , who estimated n as
where N o and P o are the number who are alive and the prevalence of the condition at the beginning and end of the interval, N l and P, are the number who are alive and the prevalence of the condition at the end, and m o is the probability of death due to other causes during the interval. Thus, the number of surviving new cases equals the number of prevalent cases at the end minus the number of prevalent cases at the start plus the number of cases prevalent at the start who were lost during the interval because of competing mortality. Cowen et al. (10) used a similar idea, but their calculation neglected competing mortality. Note that we use the term "prevalent" to refer to persons with asymptomatic disease. Expression 2 is appropriate when the condition of interest is lifelong after diagnosis. In our case, the condition of interest is preclinical prostate cancer, which is terminated when the disease is diagnosed. Termination of the condition of interest is a mecha-
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nism for removing prevalent cases from the interval in addition to competing mortality. In this case, the number of surviving new cases is given by n = -
where L is the number of prevalent cases at the start who are lost during the interval either through competing mortality or through clinical diagnosis of cancer, i.e., L = a n N 0 P 0 m 0 (4) Here The prevalence estimates P o and P l used in our application were obtained from Carter et al. (1) , who studied 5,250 autopsies from the US literature (figure 2). These estimates apply to a symptom-free population (men with a diagnosis of prostate cancer during their lifetimes were excluded). Therefore, to estimate the number of prevalent cases at the start and end of each age interval, we require the size of the symptomfree population (i.e., those without a prior prostate cancer diagnosis) at these times. We denote the symptom-free population size at the start and end of a given age interval by N oo and N lo , respectively. , which take into account that death from other causes and clinical incidence are competing risks acting on the symptom-free population (11) . These authors assume exponential distributions of event times in each age interval so that the probability of an event in an interval of length i is 1 -exp(-n), where r is the rate of the event. Given N oo symptom-free individuals at the start of an interval, we have
where (6) and the probability of noncancer death by
The total number of new cases N is approximately equal to n + m, where m is the number of new cases who do not survive to the end of the interval. We estimated m by using the approximation proposed by 
N may be divided by an appropriate population denominator to yield the age-specific rate of asymptomatic onset in the interval. In our calculations, we used the population size at the start of the interval, although the population size at the midpoint of the interval could also be used. The average preclinical duration is then estimated by using expression 1.
In principle, our entire method can be applied in reverse if the goal is to generate the age-specific prevalence of preclinical disease given its incidence. Specifically, given l o the asymptomatic incidence rate in an interval, the number of new cases N is approximately N o (l exp( -Q). The number of new cases who survive to the end of the interval is n = 2N(l -u o )/ (1 + (1 -uj) (compare with expression 8). Finally, the number of prevalent cases at the end of the interval given the number prevalent at the start is
In the next section, we illustrate application of both the original and the reverse calculation. The original calculation enables us to estimate the incidence of preclinical disease by using data on preclinical prevalence from a time when relatively few interventions were available for early diagnosis of prostate cancer. However, it does not seem reasonable to use the same prevalence data for later time periods. Indeed, recent changes in medical practice patterns have had a substantial impact on the frequency of a prostate cancer diagnosis and, therefore, presumably also on the prevalence of preclinical disease. In the application, we assume that preclinical incidence is relatively constant over time, since this is not likely to be affected by medical interventions that lead to early diagnosis. Using our estimate of preclinical incidence from the earlier time period, we apply the reverse calculation to estimate preclinical prevalence and mean sojourn time in the later time periods. Figure 3 presents estimates of the age-specific incidence of asymptomatic prostate cancer in white men. Table 1 shows the input data used in our calculations, and table 2 shows some intermediate results. We begin with 5 million individuals at age 30 years, when N o = N oo . The clinical incidence and mortality rates given in 5-year intervals in table 1 are translated into 1-year intervals by linearly interpolating between the midpoints of each interval, except for ages 30-32 years and ages 87-89 years, where the rates are assumed to be constant because of a lack of precise information on men younger than age 30 years and older than age 89 years.
RESULTS
As an example of the sequence of calculations, consider the age interval 52-53 years. There are 4,650,509 symptom-free individuals at the start of this interval (iV oo ). figure 3 are based on autopsy prevalence data from Carter et al. (1) , clinical incidence from the Connecticut SEER tumor registry for 1960-1964 (12) , all-cause mortality from 1986 US life tables (13) , and prostate cancer mortality from 1984 to 1988 (3). We assumed a negligible incidence of asymptomatic disease prior to age 30 years. Our goal was to estimate the average asymptomatic duration in a population similar in terms of life expectancy to the US population in the 1980s. However, we used historical clinical incidence data in an effort to eliminate the impact of interventions leading to incidental diagnosis of cancer, such as transurethral resection of the prostate. Based on these input data, the average sojourn time in a population with an age distribution similar to that of the US population in 1980 (14) is 11.57 years.
Since the Connecticut SEER data from 1960 to 1964 do not contain sufficient information on black cases, we obtained sojourn time estimates for blacks based on clinical incidence in several other calendar time periods, namely 1975-1979, 1984-1988, and 1990-1992 . This also allowed us to assess the impact of differing medical practice patterns over time. We used the reverse calculation to estimate how the changing incidence of clinical disease would affect the agespecific prevalence of preclinical disease. In doing so, we assumed that the prevalence of preclinical disease at age 30 years would be the same as in Carter et al. for this group in regard to prostate cancer care. Figure  4 shows how the different clinical diagnosis rates affect the estimates of age-specific preclinical prevalence in different calendar time periods. Figure 4 and table 3 show that the asymptomatic prevalence and the average preclinical duration vary with age-specific clinical incidence, which has changed considerably over time. In general, higher rates of clinical diagnosis lead to lower prevalence estimates. For whites, the average sojourn time based on the clinical incidence from 1960 to 1964 is higher than the estimate based on later calendar periods. The earlier estimate is probably closest to the true asymptomatic duration. The duration estimate based on the clinical incidence from 1975 to 1979 is about 6 months longer than that based on the clinical incidence from 1984 to 1988. Both of these latter estimates are more reflective of time to detection than of a true asymptomatic duration. In fact, data from the National Hospital Discharge Survey (15) show an increasing frequency of transurethral resection of the prostate from discharge rates of roughly 800 per 100,000 in 1973 and 900 per 100,000 in 1977 to a peak of approximately 2,300 per 100,000 in 1986. The sojourn time estimates reflect these changing practices; since a side effect of transurethral resection of the prostate is the detection of asymptomatic cancer, the interval from preclinical onset to diagnosis is shorter in these later calendar periods. Finally, the duration estimates based on the clinical incidence in 1990-1992 are substantially lower than those based on the clinical incidence from 1984 to 1988 for both blacks and whites. The later interval reflects a period during which the PSA screening test for prostate cancer was being used in the population. Consequently, incidence rates during this period were higher than previously observed, and the average time from onset of disease to detection was correspondingly reduced.
A comparison of the estimates for black and white males based on SEER clinical incidence from 1975 to 1979, 1984 to 1988, and 1990 to 1992 shows that the average sojourn time for black males is almost 1 year shorter, supporting the belief that prostate cancer, on average, may be more aggressive and have higher growth rates in blacks than in whites.
DISCUSSION
This paper presents a novel approach to estimating the asymptomatic incidence and duration of prostate cancer. The incidence calculation uses data on the age-specific prevalence of preclinical disease from autopsy studies and on the age-specific incidence of clinical disease from SEER. Our results suggest that the average asymptomatic duration for whites is 11-12 years, which is between the published estimates (5, 6) of the time from initial acceleration of the PSA growth curve to clinical diagnosis of prostate cancer. Thus, these results, taken together, support the notion that the initial acceleration of PSA growth probably occurs at roughly the time of disease onset.
The methods presented here extend the work of Leske et al (7), who estimated incidence from prevalence when the disease of interest is lifelong after diagnosis. In our case, the "disease of interest" is the asymptomatic phase of prostate cancer; since the asymptomatic period is terminated by clinical diagnosis, it is not necessarily a lifelong condition. Our methods directly address this problem by considering clinical diagnosis and other-cause mortality as competing risks for removal of asymptomatic cases from the prevalence pool. An alternative approach would be to use methods developed by Podgor and Leske (16) for estimating disease incidence when mortality rates differ for prevalent and nonprevalent cases. In this case, other-cause mortality and clinical diagnosis would be considered collectively as "mortality" in the prevalent group. This approach requires solution of a nonlinear equation and so may be computationally more complex than our approach, which may be im- (3, 12) , all-cause mortality from 1986 US life tables (13) , and prostate cancer mortality from 1984 to 1988 (3).
plemented by using a spreadsheet program such as EXCEL (Microsoft Corporation, Redmond, Washington). Figure 5 shows that both approaches yield similar results in the present problem.
The mathematical relation, average duration equals prevalence divided by incidence, has a long history in the epidemiologic literature (9) . An implicit assumption is that the condition of interest is progressive in the sense that it will terminate unless prevented, for example, by competing mortality (17) . Therefore, this approach is not valid for nonprogressive diseases or for diseases that can regress. Given the possibility that prostate cancer cases may exist in whom the tumor might remain indolent no matter how long they lived (infinitely indolent), this is a limitation of our approach. Based on this scenario, the quantity of interest is presumably the mean asymptomatic duration among progressive cases. Our mean duration estimates may overestimate this quantity, but the extent of overestimation is impossible to gauge; little is known about the fraction of prevalent, asymptomatic cases that are infinitely indolent. Certainly, given an estimate of the age-specific prevalence of infinitely indolent disease, the methods presented in our paper may be applied using appropriately adjusted prevalence estimates to yield an estimate of the mean asymptomatic duration among progressive cases.
A second assumption in using the prevalence/incidence approach is that incidence and mean duration are constant over time, so that the current number of (12); mortality from 1986 US life tables (13) ; and cancer mortality from SEER (1984) (1985) (1986) (1987) (1988) (8) . For comparison purposes, the denominator of our age-specific asymptomatic incidence is the population size in the middle of the age interval, approximated by the average of the population sizes at the start and end of the interval. prevalent cases, which derive from prior incidence, may be compared with the current number of incident cases to give a valid result. In other words, the prevalent cases in the numerator must have arisen as a result of an incidence process that is the same as that in the denominator. The need for this second assumption invalidates age-specific sojourn time estimates that derive from the ratio of age-specific prevalence to incidence, unless age-specific incidence and duration are constant. The assumption is implicit in the calculations leading to table 3, although the duration of time to detection of cancer may be not be constant in the later time periods. Therefore, strictly speaking, these estimates are hypothetical, representing a steady-state situation in which asymptomatic incidence, clinical incidence, and mean time to detection are not changing over time.
The identity relating prevalence, incidence, and duration specifies that the prevalence of the condition of interest should be divided by the incidence of new cases of that condition. This yields an estimate of the average duration of the condition. Thus, to estimate the asymptomatic period for any cancer, the prevalence of asymptomatic disease should be divided by the incidence of asymptomatic disease. If the average asymptomatic duration is fairly short, for example, in lung cancer, most preclinical cases will progress to become clinically diagnosed within their lifetimes. In this case, observed or expected clinical incidence will be a reasonable surrogate for preclinical incidence. However, in cancers such as prostate cancer that may progress slowly in a nontrivial fraction of cases, many asymptomatic cases will not become diagnosed during their lifetimes; therefore, it will not be adequate to approximate the asymptomatic incidence by the observed clinical incidence. Indeed, the use of clinical incidence will lead to a denominator that is too low relative to the numerator, and the mean sojourn time will be overestimated. In recognition of this issue, much of the effort reported on in this paper has focused on obtaining an unbiased estimate of asymptomatic incidence, which we assume is more or less unchanging over time.
The use of autopsy data to estimate prevalence leads to an estimate of average sojourn time that can be interpreted as the time from disease onset to symptoms, under the assumption that an autopsy will identify disease if it is present. This is in contrast to the use of prevalence rates as estimated from screening data, which leads to an estimate that can be interpreted as the time from screen-detectable disease onset to symptoms. Therefore, it would be expected that studies based on screening data would yield slightly shorter duration estimates than those based on autopsy studies. (18) reported small foci of histologic cancer in 34 percent of patients in this age group. In addition, Carter et al. did not find a dissimilar prevalence in black men and white men, which is in contrast to the investigation of Guileyardo et al. (2) but is consistent with the findings of Sakr et al. (18) . Our methods are applicable to any autopsy dataset that presents age-specific prevalence within sufficiently fine age intervals, and the paper by Carter et al. was, to our knowledge, the best source from this point of view. However, we truncated the asymptomatic incidence at age 89 years, since we were not comfortable extrapolating the Carter et al. prevalence curve beyond this bound. Given the years in which the autopsies in the Carter et al. study were performed, we assume that the prevalences represent the prevalence of prostate cancer in the (living) population in the absence of diagnostic interventions such as transurethral resection of the prostate or screening. In general, application of autopsy prevalence to the living population assumes that death due to causes other than prostate cancer does not happen with a greater or lesser frequency in prevalent cases than in cancer-free individuals. Incidentally, this assumption is also needed to be able to interpret the ratio of prevalence to incidence as an estimate of the mean of the duration that would have been observed if not for competing mortality.
Given the uncertainty of the prevalence figures from Carter et al. (1), we conducted a sensitivity analysis in which we evaluated the impact of inflating the prevalence on our results by using the data for whites and the clinical incidence from Connecticut SEER (1960) (1961) (1962) (1963) (1964) . Figure 6 indicates that the asymptomatic incidence results are highly sensitive to the prevalence values. When prevalence was 20 percent higher than our original input, asymptomatic incidence increased by 15-20 percent; when prevalence was 50 percent higher, asymptomatic incidence increased by 40-50 percent. However, as might be expected, the estimates of average duration are rather less affected. We obtained 11.64 years instead of 11.57 years for an increase in prevalence of 20 percent and 11.72 years for an increase of 50 percent. We also evaluated the sensitivity of our results to the assumption that the other-cause mortality rate in the symptom-free population could be approximated by the rate in the population. Specifically, we set other-cause mortality in the symptom-free population to a value 20 percent higher and then 20 percent lower than that in the population as a whole. Average duration estimates corresponding FIGURE 6. Sensitivity analysis: age-specific incidence of asymptomatic disease, inflating the age-specific prevalence (P o ) by 20% and 50%.
to clinical incidence levels among whites from the Connecticut registry in 1960-1964 were 11.42 and 11.72, respectively, which show relatively little sensitivity to this assumption. Finally, we considered the sensitivity of the results to the population age distribution weights /j. In our example, the weights were chosen to reflect the approximate age distribution in the United States in 1980 leading, in a sense, to an estimate of sojourn time standardized to the 1980 US population. It turns out that the sojourn time estimate is relatively insensitive to the exact choice of these weights, because the ratio of prevalence to incidence within each age stratum is fairly constant across ages in our example. In fact, it can be shown analytically that if P i =cl i for all i, then the ratio in expression 1 will be independent of the weights/j. The asymptomatic incidence estimates are useful in understanding the relative frequency of diagnosed and undiagnosed prostate cancers. For instance, the methods of Feuer et al. (19) can be applied to our preclinical incidence estimates to compute the lifetime probability of developing preclinical prostate cancer. The lifetime probability for whites (up to age 90 years) is approximately 36 percent. The same methods may also be used to compute the lifetime probability of a cancer diagnosis; for example, based on the incidence of prostate cancer in 1984-1986, the lifetime probability (up to age 90 years) of a prostate cancer diagnosis was estimated to be approximately 9.3 percent. This suggests that roughly 75 percent of asymptomatic prostate cancers will never be diagnosed if diagnostic capabilities remain at levels similar to those in 1984-1986, just prior to the introduction of PSA screening in the population. While this may seem staggeringly high, we note that based on the observed incidence in 1960-1964 (3) , the lifetime probability of a prostate cancer diagnosis was only 6 percent. This suggests that 83 percent of prostate cancers would never be diagnosed if few or no diagnostic interventions existed. It is interesting to note that the lifetime probability of a cancer diagnosis based on the observed incidence in 1990-1992 is approximately 18 percent; thus, with diagnosis occurring at a rate similar to that observed in recent years, the fraction of asymptomatic prostate cancers that will never be diagnosed is reduced to 50 percent. However, the rates of diagnosis observed in these later years are highly unstable because of the introduction of prostate cancer screening in the population during this time.
The asymptomatic incidence and sojourn time estimates are biologically plausible and are consistent with the literature on PSA growth in prostate cancer cases. They confirm what has already been suspected for some time, namely, that prostate cancer is a relatively slow-growing neoplasm, and they suggest that among whites, 50-75 percent of new cases are unlikely to surface clinically. The estimates should be useful to researchers studying the natural history of the disease and designing effective and cost-effective screening programs. which is the same as expression 1. Therefore, regardless of the probability that a new case may develop and become clinically diagnosed in the same interval, the number of new cases in the numerator of the asymptomatic incidence remains the same. In the notation of expression 8, n and m may change, but their sum remains the same. Intuitively, this result may be thought of as follows: The cases making up the asymptomatic incidence in a given interval consist of all those newly developing cases who survive to their time of preclinical onset. The only event that will prevent a new case from reaching his or her time of preclinical onset is competing mortality. However, this is independent of the probability c o that a new case will become clinically diagnosed in the same interval as his or her preclinical onset. Consequently, the number of new cases who survive to their time of preclinical onset is effectively independent of c o .
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